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Abstract

We de ne a new classof parallel countes, Sat-
urating Countes, which provide the exact countof
the inputsthat are 1 only if this countis belowa
giventhreshold. Sud countes are usefulin, for
example a self-testand repair unit for embedded
memoriesn a system-on-akip. We describethis
applicationandpresentseveral alternativesfor the
designof the satumting counter We thencompae
the delayandarea of the proposeddesignalterna-
tives.

1. Intr oduction

Variousdesignsof parallel countersto be used
in multiplier unitsandotherapplicationshave been
proposedandimplementede.g.,[1, 2]). Suchde-
signsusedifferentbasicbuilding blockslike (3,2)
counters(7,3) countersandthelike [3]. An ( , )

parallelcounterhas inputbits andproducesa -
bit binary countof its inputsthatare 1. Clearly
mustsatisfy or . We

de ne herea new type of parallelcounterswhich
we call satuiating countes. A saturatingcounter
needsto provide the exact countof its inputsthat
are 1 only if this countis belov a certainthresh-

old, denotecby . Theexactoutputis lessimpor
tantwhenthe numberof inputsthatare 1 exceeds
thethreshold , aslong astheoutputindicatesthat
the thresholdhasbeenexceeded. Sucha saturat-
ing counteris neededin the designof a self-test
andrepaircircuit for large memoriesembeddedn
a system-on-a-chipNote thatthe saturatingcoun-
tersconsiderechereare differentfrom thoseused
in certainimageprocessingpplicationsandin mi-
croprocessorshranchpredictionunits. The latter
normallysaturateat their maximumcountof
(and,sometimeslsoat their minimum countof 0)
andall otherresultsmustbeexact.

Thenecessarmumberof outputbits of asaturat-
ing countey denotedby , doesnot have to satisfy
the condition . Instead thein-
equalitywhich mustbe satis edis

. Inprinciple, canbeany numbersmallerthan
, however, a simpler and fasterimplementation
canbe achied when is a power of 2. More-
over, for the applicationconsideredn this papey if
the thresholdis not a power of 2 we canstill em-
ploy a saturatingcounterwith output
bits where . We will therefore focus
in this paperonthespecialcaseof [ ] saturating
counterswith  inputs, a thresholdof ,
and outputbits.



The paperis organizedasfollows. In Section2
we describeheapplicationthatrequireshedesign
of afastsaturatingcounter In Section3 we present
somedesignalternatvesfor saturatingcountersand
in Section4 we comparethe delayandareaof the
variousalternatves. Section5 concludeghe paper

2. Self-Testand Repair for EmbeddedMem-
oriesin a Systemon a Chip

The high density and size of memory units,
implementeckitherasseparatéCs or asembedded
memories,have resultedin an increasingnumber
of manubcturing defects leading to low vyields
of high volume ICs. System-On-a-ChigSOC)
designsthat containmegabitsof embeddednem-
ory are now available from several companies.
The manufcturingyield of theseSOC productsis
stronglydependenon theyield of theirembedded
memory

Sparememory rows and columns have tradi-
tionally beenaddedto memorydesignsto replace
defectire rows, columnsor individual cells. To
perform such replacementsthe defectve rows,
columnsor cells mustbe identied rst. In the
past,dedicatedaxternalmemorytesterswith fault
diagnosiscapabilitieshave beenused. Following
the identi cation of the defectve cells, the chip is
taken to a laserrepairstationand fusesare blown
to replacefaulty memorycells with sparememory
cells[4].

To eliminatethe costly memorytesterfrom the
chip manuacturingprocessgdesignerdiave started
to incorporateBuilt-In Self-Test (BIST) circuitry
into large memoryunits. Suchcircuitry is capable
of executingmemoryteststo diagnoseary error,
which may be the resultof eithera manufcturing
fault or a fault (intermittentor permanentjhatoc-
cursduringthe normaloperationof the IC.

Designersof systems-on-a-chipave goneone
stepfurther and several currentdesignsincludea
Built-In Self-TestDiagnosisandRepair(BISTDR)
circuit for the embeddedmemoriesin the SOC.
The useof BISTDR not only enablespermanent

memory repair following manuacturing (hard
repair), but also every time the systemis pow-
ered up (soft repair). Hard repair can be done
by laser blown fusesor by writing non-wlatile
re-con guration ip- ops, while soft repair uses
only thelatter[5, 6, 7].

The processstarts with a self-test operation
performedinternally in the memory unit. Once
the faulty databits andfaulty addressebave been
identi ed, the faulty data bits are replacedwith
sparedatabits, andfaulty wordsarereplacedwith
sparewords. Figure 1 shaws a block diagram
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Figure 1. A block diagram of the BISTDR
unit.

of the BISTDR unit, which consistsof the fol-
lowing functional blocks: APG (AddressPattern
Generator),DPG (Data Pattern Generator),ORE
(OutputResponsé&valuator),BIC (BIST Interface
Controller), FDU (Fault Diagnosis Unit), FBS
(Functionto BIST selector),RIMA (Repairinput
Multiplexor Array) and ROMA (Repair Output
Multiplexor Array).

Thehbuilt-in self-repairis usuallyexecutedauto-
maticallyduringthepower-onresetsequencef the
SOCandmust, therefore be performedat system
speedusingthe systemclock. The testandrepair
processs doneonthe y in asinglecycle to avoid
the needto storefault information. The Fault Di-
agnosidJnit (FDU) is thereforeon thecritical path
in the BISTDR circuit sinceit hasto identify the
faulty bit(s), and make a repair decision(address



or datarepair)within onememoryreadaccessy-

cle. Thisrepairdecisionis basedon the numberof

failing databits at the currentaddressandthe cur

rently availablerepairresourcegunusedsparedata
bits andaddresdocations).Thefailing bits arede-
terminedusinganarrayof XOR gateswhich com-
paresthe memoryoutputwith the expectedoutput.
This producesa bit vectorwhosewidth equalsthe
width of thememory A bit in this vectorwill have
a lif thereis a mismatchat the correspondingpit

position,anda 0 otherwise.

Thecritical pathwithin the FDU includesa cir-
cuit thatcountsthe numberof 1'sin this bit vector
This numberhasto be comparedo the numberof
sparebits which is typically no larger than 8. If
the numberof bit failuresexceedsthe numberof
sparesthe memoryis not repairable. Thereforejt
is sufcient to know thefailing bit countaccurately
only whenit is lessthanthenumberof sparesvail-
able. The fastsaturatingcounterwe designmust
thereforehave athreshold , where isequalto or
slightly largerthanthe numberof availablespares,
allowing usto selecta thresholdwhich is a power
of 2. Thenumberof inputsof the requiredsaturat-
ing countey , is thewidth of the memory Unlike
stand-alonenemorychips,embeddeanemoriesn
SOCdesignshave no restrictionon the datawidth
dueto padlimitations. Thus,embeddednemories
of width of upto 1024arecommonlyusedn SOCs.
We shouldthereforedesignsaturatingcountersor
asmary as1024inputbits.

3. Saturating Counters- DesignAlter natives

An saturatingcounterhas  input bits de-
notedby , outputbits denotedby
and a correspondinghreshold

of . Theoutputsatis es

while

For example,a saturatingcounterhas
1024 inputs, a thresholdof 8, and producesfour
outputbits satisfying

if thereareat mosteightinput bits which equall,
and if thereare nine or
moreinputbits which equall.

A completeWallacetree for 1024 inputs pro-
ducesnineoutputbitsandrequiresl6levelsof (3,2)
counters. A straightforvard way to implementa

saturatingcounteris to use(3,2) counters

in the columnswith weights and butuse
only OR gatesin the columnwith weight . This
implementationshavn in Tablel, requiresll lev-
els of (3,2) countersplus onelevel of an OR gate,
assuminghattwo levels of OR operationsn col-
umn canbe completedn parallelto the opera-
tion of a singlelevel of (3,2) counterdn the
and columns.Tablel shavs,for eachevel of the
tree,the numberof (3,2) or (2,2) countergequired
in every column,andtheresultingnumberof inter
mediateresultsin every column. For example,in
the secondevel of thetree,114(3,2) countersare
usedin the column,producingll4intermediate
bits of weight  and114bits of weight , which
areaddedto the 115 bits generatedlirectly in the

column. The notation9+2(OR ) in the  col-
umnmeanghattwo levels of OR gatesareused,9
in the rst level and2 in thesecond.

Note that the implementatiordepictedin Table
1 will producearesultof 8 if thenumber of in-
put bits which equall satis es , €.9.,
16,32 andsoon. If suchasituationis notallowed,
a thresholdof canbe selected.However,
for the applicationat handthe probability of such
an event occurringwas deemedto be negligible.



Theaverageexpectednumberof defectve memory
cellsin asinglerow is lessthan4, with a standard
deviation of lessthan2, makingthe probability of
16 defectve cellsin onerow practicallyzero.

In [1] Jonesand Swartzlanderhave compared
the designof parallelcountersusingonly (3,2) or
(2,2)countergo designsisingmorecomplex coun-
terslike (7,3), (15,4) and (31,5). They have an-
alyzedthe delay and areaof differentimplemen-
tationsand concludedthat designsbasedon (3,2)
and(2,2) countersonly aregenerallysuperior We
thereforedecidednot to experimentwith counters
like (7,3), (15,4) and (31,5). However, in recent
years(4;2) compressorf3] have becomecommon
in parallelmultiplier designsandvery ef cient im-
plementationgor them have beenproposede.g.,
[8]). Consequentlywe studiedthe possibility of
using(4;2) compressorgisteadof (3,2) countersn
oneor more levels of the saturatingcounter Ta-
ble 2 shaws that if (4;2) compressorare usedin
levels 1 through 5, the total numberof levels is
reducedfrom 12 to 9. (4;2) compressorsthough,
have a higherdelaythan(3,2) counters.However,
if thedelayof a(4;2) compressois only about50%
larger thanthe delay of a (3,2) countey the over-
all delayof the[1024,4]saturatingcounterstill de-
creasesvhen(4;2) compressorareused.Detailed
delaycomparisongrereportedn the next section.

Tablesl and2 wereobtainedusinganonlinesat-
uratingcountersimulatorwhichis availableat[9].

3.1 ( ) units

Re-eamining Tables1 and 2, one can notice
thatthelastfew stagesachieve only a smallreduc-
tion in the numberof bits but incur a high delay
One could replacethe last four stagesn Table 1,
which reducethe numberof bits from (5,5,2,1)to
(1,1,1,1) by alook-uptablewith inputsand
4 outputs. However, a simplerandprobablyfaster
(for mosttechnologiesyolutionexistswhich takes
advantageof the saturatingnatureof the counter
This solution usesa special3-column( 5,5,2 ,3)
unit, asshavn in Table3. If we wish to applythe

| | | |LeveH
341(3,2)
341 342 1
113(3,2)] 114(3.2)
113 114+115 114 2
113 229 114
37(3.2) | 76(3,2) | 38(3,2)
37 76+39 38+76 38 3
37 115 115 38
9+2(0OR )| 38(3,2) | 38(3.2) | 12(3.2)
4+38 38+39 | 12+39 | 14 4
42 77 51 14
10+3(0OR ) 25(3,2) | 17(3.2) | 4(3.2)
3+25 17427 | 4+17 6 5
28 44 21 6
7+1(OR )| 14(3,2) | 7(3,2) | 2(3,2)
4+14 7+16 2+7 2 6
18 23 9 2
2+I(0R ) 7(3.2) | 3(3,2) | 1(2.2)
3+7 3+9 1+3 1 7
10 12 4 1
2+1(OR )| 4(3,2) | 1(3,2)
1+4 1+4 2 1 8
5 5 2 1
1+0(OR )| 1(3.2) | 1(2.2)
2+1 3+1 1 1 9
3 4 1 1
0OR) | 2(2,2)
3+2 2 1 1 10
5 2 1 1
1OR ) | 12,2
2+1 1 1 1 11
3 1 1 1
1OR) 12
1 1 1 1
Table 1. A saturating counter us-

ing (3,2) and (2,2) counter s. It uses 892
(3,2) counter s, 5 (2,2) counter s and 49 4-
input OR gates.

sameapproachto the [1024,4] saturatingcounter
which uses (4;2) compressorgsee Table 2), a
( 13,8,3,3) unit could be used. The design
principlesof suchunitsarepresenteadhext.

An ( ) unit, shavn in Figure 2, is a

saturatingparallelcounterwhichreceves  inputs
of weight , inputsof weight and in-
putsof weight . It produceshreeoutputsof
weights , and where is

thethresholdof the saturatingcounter
We restrictour discussiorio the casewhere



| | | Level |

205(4;2)
410 205 1
90(4;2) | 41(4;2)
90+90 91+41 | 41 2
180 132 41
41(4;2) | 28(4;2) | 8(4;2)
1(3,2)
82+1 42+28 | 28+8 9 3
83 70 36 9
20+5(0R )| 15(4;2) | 7(4:2) | 2(4:2)
1(2,2) | 1(3,2)
30+1+8 16+7+1 | 8+2 2 4
39 24 10 2
9+3(0OR )| 5(4:2) | 2(4;2) | 1(2,2)
3+10 6+2 2+1 1 5
13 8 3 1
3+1(0R )| 2(3.2) | 1(3,2)
1(2,2)
1+3 3+1 1 1 6
4 4 1 1
10R ) [ 2(2,2)
1+2 2 1 1 7
3 2 1 1
1(2,2)
3+1 1 1 1 8
4 1 1 1
1(OR ) 9
1 1 1 1
Table 2. A saturating counter us-

ing (4;2) compressor s, (3,2) and (2,2) coun-
ters. It uses 444 (4;2) compressor s, 5 (3,2)
counter s, 6 (2,2) counter s and 44 4-input
OR gates.

, for whichthemaximumcarryfrom theposi-
tion of weight to the positionof weight
is 1. Thus,we have bits of weight to be
added. canbereplaced;|f
neededby . For thissim-
pli cation is not neededsincethe delayof the two
(or less)XOR gateswill be smallerthanthe delay
of thegatesrequiredto generate . Thecontri-
bution of to canberepresentethy

| | |Levew
341(3,2)
341 342 1
113(3,2)| 114(3,2)
113 114+118 114 2
113 229 114
37(3,2) 76(3,2) | 38(3,2)
37 76+39 38+76 | 38 3
37 115 115 38
9+2(0OR )| 38(3,2) 38(3,2) | 12(3,2)
4+38 38+39 12+39 14 4
42 77 51 14
10+3(OR )| 25(3,2) 17(3,2) | 4(3,2)
3+25 17+27 4+17 6 5
28 44 21 6
7+1(OR )| 14(3,2) 7(3,2) 2(3,2)
4+14 7+16 2+7 2 6
18 23 9 2
4+1(OR )| 7(3,2) 3(3,2) 1(2,2)
3+7 3+9 1+3 1 7
10 12 4 1
2+1(0OR )| 4(3,2) 1(3,2)
1+4 1+4 2 1 8
5 5 2 1
1(OR ) |( 5,52 ,3) 9
1 1 1 1

Table 3. A saturating counter us-
ing a ( ) unit. It uses 891 (3,2)
counter s, one (2,2) counter , 43 4-input OR
gates and a ( ) unit.
anadditionalinput of weight ,l.e.,
for
for

Thetruth tablefor the ( ) unitis:

1 1

0 All O's 0 0

0 A singlel 0 1

0 Twoormorel's || 1




L Zn XX Yoy
okl k2 L i+l k3
b l
X1 -2 $3
Figure 2. An ( ) unit.

TheresultingBooleanexpressionsre:
and

We can substitute into the expressionsfor
and . Thiswould resultin productterms
with up to three literals in , L.e., fan-in
3. Notice that the simpli ed Boolean equation
for may in fact produce =1 evenif the
correctvalueis 0, but only if =1. Therefore,
the probability of producingan outputof 8, when
thenumber of inputbits which equall satis es
and (e.g., =16),is lower
thanthe correspondingprobability for the saturat-
ing countersof the typesdepictedin Tablesl and
2.

To calculatethe delay and area of the pro-
posed ( ) unit, some further analysis
is required. The total numberof signalsin an
implementatiorof afterthe rst level of gates
(OR gatesfor the inputsand AND gatesfor the
remainingterms)is

if ,and

if , where isthemaximumfan-inallowed.

The table belov shavs the numberof signals
(after the rst level of gates,i.e., OR gatesfor

the inputs and AND gatesfor the and
terms)and the numberof logic levels for
thespecialcaseof fan-in , and

N
w
D
&
o
~
o

S
\‘
IR
=

16| 22| 29| 37
#oflevels| 2|/ 3| 3 | 3 |4 |4 | 4

For fan-in
therefore

thetotal numberof gatelevelsis

The exactbene t of usingan ( ) unit
insteadof several levels of (3,2) and (2,2) coun-
tersis highly dependenbn its circuit implementa-
tion. For simplicity, we will assumdor thenumetr
ical resultssummarizedn the next sectionthatthe
( ) unitis implementedisingbasiclogic
gateswith a delay of for an OR or AND gate
with fan-in= orless.The(3,2)and(2,2) counters
areimplementedusing 2-input XOR gateswhose
delayis denotedby

4. Numerical Results

Figure3 compareghedelayof an[ ,4] saturat-
ing counter(for =72,136,264,520and1032)im-
plementedn four differentways: using(3,2) and
(2,2) countersonly, allowing the useof (4;2) com-
pressoraswell, andallowing all typesof counters
including the special( ) unit. The lat-
ter hastwo implementationspnewith fan-in

and anotherwith . Only the basicde-
sign,whichis restrictedo theuseof (3,2)and(2,2)
counters,is unique. The remainingthreedesigns
have multiple possibl@mplementationsindthe de-
lay of the fastestimplementationfor that type is
shavn. The delaysin Figure 3 are measuredn
termsof underthe assumptionshat

) , and

. Theresultsindicatethatthe use

of (4;2) compressorgeduceghedelayby no more
thanone in the given rangeof inputs, but
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Figure 3. Delay comparison (the delay unit
is ).

usingin additionan (
duceghedelayby 3
or 3, respectrely.

) unit further re-
or2.5 for fan-in

Figure 4 shawvs the estimatedarea for three
of the design alternatves. The areais mea-
suredin terms of under the assumptions
that , )

and . The
area of an ( ) unit is determinedby
the number of gatesrequired. Figure 4 shaws
that the reductionin total areadue to the use of
(4;2) compressorsncreaseswith the number of
inputs (under the above-mentionedarea ratios
assumption).The useof an( ) unit may
increasethe total areabut the areawill still be
lower thanthatof the basicdesignusingonly (3,2)
and(2,2) counters.

To make a decision regarding the use of an
( ) unit, thedesigneshouldconsiderthe
delayaswell asthe area. A measurdike Area
Delay canhelp, andFigure5 shaws thatthe use
of an( ) unitis bene cial.

As mentionedabore, a designusing (4;2) com-
pressorandan ( ) unitis notuniqueand
thereforeone cantradeoff areaanddelay Figure

Area

3000 - (3,'2) counters onIy¥
All counters allowed (fan-in=4) —«—
(3,2) counters & (4;2) compressors

2500
2000
1500
1000
500 |

128 256 384 512 640 768 896 1024
Number of input bits

Figure 4. Area comparison (the area unit is

).

6 illustratessucha tradeof for =520 and 1032
wherethe basicdesigngusingonly (3,2) and(2,2)
counters)are also shavn for reference.Note that
areasonableeductionin the areacanbe achieved
with someincreasen delay Furtherincreasesn
thedelaywill only maginally reducethearea,and
thusarenotadvisable.

5. Conclusion

Saturating counters have been de ned and
several design alternatves have been presented
and evaluated. The motivation for this study was
the needto designsucha counteraspart of a self
test and repair unit for an embeddednemoryin
a systemon a chip. The saturatingcounterthat
hasbeenimplementeduses(3,2) countersand an
( ) unit. It hasbeenimplementedusing
the PerfectSAGE standarctell library for 0.15mi-
cron TSMC CMOS from Artisan. A preliminary
designwhich did not usean ( ) unit did
not satisfythetiming requirements.
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Figure 5. Area Delay comparison.

References

[1]

[2]

[3]

[4]

[5]

[6]

R. F. Jonesand E. E. Swartzlander “Paral-
lel Counterimplementatiori, Journal of VLSI
SignalProcessingpp. 223-232,1994.

E. E. Swartzlander‘ParallelCounters, IEEE
Trans.on Computes, Vol. C-22, pp. 1021-
1024,1973.

I. Koren, ComputerArithmetic Algorithms
2nd edition, A K Peters,Natick, MA, 2002.

|. KorenandZ. Koren,“Defect TolerantVLSI
Circuits: Techniquesand Yield Analysis;
Proceedingsof the IEEE, Vol. 86, pp. 1817-
1836,Sept.1998.

H. C. RitterandB. Muller, “Built-In TestPro-
cessorfor Self-Testing RepairableRandom
AccessMemories, Proceedingof the Inter-

national Test Confeence 1987, pp. 1078-
1084.

R. TreurandV. K. Agarwal, “Built-In Self-
Diagnosisfor RepairableEmbeddedRAMS;
IEEE Design& Testof Computes, Junel993,
pp.24-33.

Area

T T T
(3,2) counters only, 520 inputs—=—
All counters allowed, 520 inputs —=—
(3,2) counters only, 1032 inputs—e—
All counters allowed, 1032 inputs—e—
L]
3000 E
2000 i
n
1000 | EI\EI— =) £l .
1 1 1
14 16 18 20
Delay

[7]

[8]

[9]

Figure 6. Area vs. delay tradeoff .

Y. Naguraet. al, “Testcostreductionby At-
speedBISR for embeddedDRAMS,” Pro-
ceeding®fthelnternationalTestConfeence
2001,pp. 182-186.

N. Ohkubo, M. Suzuki, et. al., “A 4.4-ns
CMOS 54  54-b Multiplier Using Pass-
Transistor Multiplexor,” |IEEE Journal of
Solid-State Circuits vol.30, pp. 251-256,
Mar. 1995.

http://wwwecs.umass.edu/ecer&n/
arith/simulator/SatCount/



